The impressive progress on the knowledge of lepton and quark electroweak couplings over the LEP and SLC decade is reviewed. The experimental methods for measuring the forward-backward asymmetry of charged-fermion pairproduction are described, for different fermion species. The precise measurements of the left-right asymmetry and of tau polarisation at the Z resonance are also reminded. After discussing the determination of the Weinberg electroweak mixing angle, lepton and quark couplings are extracted by combining asymmetry and polarisation measurements with measurements of partial decay widths of the Z boson, performed at LEP in the same years.
Introduction
The present knowledge of quark and lepton electroweak neutral couplings is largely based on the data collected in e + e − collisions at the Z pole, between 1989 and 1998, by LEP and SLC. In that years, measurements of lepton couplings improved by two order of magnitudes with respect to previous experiments, based on neutrino scattering, and individual quark couplings were measured for the first time. The jump in precision was possible because parity violation in Z boson production and decay has a direct consequence on experimental data, yielding measurable asymmetries that can be used to determine the the Weinberg electroweak mixing angle sin 2 θ W and, by including measurements of the Z partial widths, the couplings themselves. Before describing the legacy measurements performed by ALEPH, 1 DELPHI, 2 L3, 3 OPAL, 4 SLD 5 and their interpretations, in next Section definitions and properties of the basic asymmetries sensitive to the electroweak mixing angle and neutral fermion couplings are briefly recalled. 
Asymmetries and Polarisations at the Z pole
where g L(R)e and g L(R)f are the left (right) couplings for the initial and final state, respectively, θ is the scattering angle of the final-state fermion with respect to the initial-state fermion direction (the electron in this case) and B(s) is a BreitWigner term angular-independent. The coefficient of the cosine in Eq. (1) would vanish if the initial or final-state left and right couplings were identical, as in the electromagnetic case. Parity violation in Z production and decay leads to a non-zero forward-backward asymmetry, A F B , defined as: 
Integration over the scattering angle gives
where
and similarly
In Eqs. (4) and (5) vector and axial couplings are introduced (g V e = g Le + g Re , g Ae = g Le − g Re and similarly for f ). One can see that A e depends on the ratio between vector (g V e ) and axial vector(g Ae ) coupling constants of the electron, which are in turn related to the effective electroweak mixing angle, defined as 6,7
If polarised beams are available, or if polarisation can be measured in the final state, other useful asymmetries can be defined. As an example, if a polarised electron beam collides with unpolarised positrons at a centre-of-mass energy equal to m Z , the total cross section is much bigger if left-handed polarisation is used. The relative difference between the two cross sections (σ L and σ R ) is the left-right asymmetry (A LR ), which is related to the right-handed (g Le ) and left-handed (g Re ) electron couplings by
A measurement of A LR provides direct access to the asymmetry between the initial-state couplings, A e , which represents also the net polarisation acquired by the Z boson along the direction of the electron beam in case of collisions of unpolarised beams. In this case the Z polarisation, and therefore A e , can be measured by analysing the polarisation of the fermion emitted by the Z boson since angular momentum conservation relates the two quantities. In practice at the Z pole this is possible only if the emitted fermion is a tau lepton, by measuring the tau polarisation in e + e − → Z → ττ .
Polarised beams are also useful to provide a direct measurement of the asymmetry between final state couplings, A f , by measuring the polarised forward-backward asymmetry, defined as
where f F and f B indicate forward and backward outgoing fermions, respectively. At the Z peak
showing that Eq. (8) is only dependent on the final state couplings, as anticipated.
Forward-Backward Asymmetries
The forward-backward asymmetry at the Z pole (Eq. (3)) has been measured at LEP for individual lepton species (e, µ, τ ) and for heavy quarks (c and b). Measurements were also performed inclusively for hadrons and, though with much lower precision, for s and u, d quarks. The data were collected by ALEPH, DELPHI, L3 and OPAL in the years 1986-1995 (LEP1 phase) and correspond to an integrated luminosity of 150 pb −1 per experiment, yielding a total of more than 15 millions hadronic Z decays and 1.7 millions leptonic Z decays. Lepton and quark forward-backward asymmetries have several conceptual and experimental differences. Assuming lepton universality the ratios between vector (g V ) and axial vector(g A ) coupling of the Z to charged leptons are equal, therefore asymmetries involving leptons provide a direct determination of the effective mixing angle (Eq. (6)) using the relation
where the subscript q indicates the quark flavour. The ratio of quark couplings can be expressed in terms of sin 2 θ eff and non-universal corrections as
where Q q is the electric charge and I 3L,q is the third component of the weak isospin. The residual vertex correction C q can be computed assuming the Standard Theory.
For udsc quarks it is small and has very little dependence on the parameters of the model, while for b it depends on the top mass because of additional Z → bb vertex corrections (C b = +0.0014). 
where θ is the scattering angle of the fermion in the centre-of-mass system and C(cos θ) is an acceptance function modifying the differential cross section (Eq. (1)). Experimentally the A F B measurement requires the identification of the fermion in the final state, i.e. a measurement of its charge. Again, lepton and hadron asymmetries are different in this respect:
• in leptonic Z decays typically the selection of two fermions of opposite charge is required, automatically defining the final-state fermion.
• in hadronic Z decays at least one fermion must be tagged and its charge measured, as for the measurement of heavy quark asymmetries described in Section 3.2. In both cases it can be shown that the acceptance function is symmetric, provided the selection efficiency does not depend on the fermion charge.
Forward-backward asymmetries depend on the centre-of-mass energy, because of the interference between photon and Z exchange diagrams. Near the Z peak the asymmetry depends on the electric charge of the final fermion and on its axial coupling and has very little dependence on other electroweak parameters. The functional dependence can be approximated as
where the running fine structure constant (α(s)), the Fermi constant (G F ) and the electric charges (Q e and Q f ) have been introduced. The dependence is maximal for leptons (∆A F B /∆E CM 0.00009/MeV), while down-type quarks show the smallest energy dependence. This effect is corrected for using the precise determination of the LEP beam energy, 9 by extrapolating the measured asymmetry to m Z . All forward-backward asymmetries have also to be corrected for the effect of initial state radiation, for imaginary parts of the couplings (in particular for Im(∆α)), for the effect of pure photon exchange and the presence of box diagrams. Specific corrections are also applied for final state photon radiation (leptons) and gluon emission (hadrons). The uncertainty of these corrections is, in all cases, much smaller than the total error, dominated by the statistical uncertainty for all measurements. The corrected asymmetry for a fermion f is indicated as A 0 F B (f ) in next Sections.
Lepton forward-backward asymmetries
At LEP the forward-backward asymmetry of e + e − → + − (γ) events was determined by fitting the data to Eq. (11); the angle θ was defined by the scattering angle of the final-state negative lepton. For tau leptons the direction was given by the sum of the momenta of charge particles associated to the tau decays; the tau charge was measured in the same way.
In the case of e + e − final state, the t-channel photon-exchange process induces an important asymmetric correction and requires a careful treatment. The contribution of this process was taken into account by subtracting it from the measured angular distribution. Semi-analytical calculations incorporating leading-log photonic corrections, first-order non-log terms and first-order weak corrections 10 were used for this correction. The t-channel influence was reduced by analysing the data in a restricted angular region, typically in the −0.9 ≤ cos θ ≤ +0.7 range. (Within this range the t-channel contributes 12% to the total cross section, therefore calculations with 1% precision yielded an uncertainty of 0.1%.)
The asymmetries A F B ( ) ( = e, µ and τ ) measured at LEP [11] [12] [13] [14] were extracted with a fit to the measured A F B (s) using data collected near the Z peak and at the offpeak points used to measure the Z lineshape. The fitting formula took into account the energy dependence of the asymmetry and the fit was done simultaneously with the lineshape data to account for the effect of the energy uncertainty. In the simultaneous fit of the Z lineshape and A F B (s), the axial couplings were essentially determined by the lineshape and then used to transport the off-peak measurements of A F B (s) to √ s = m Z . The measurement of A 0 F B ( ) was a rather straightforward measurement with low systematic uncertainties. For the µ and τ channels the systematic uncertainties were related to the applied corrections, to the presence of background and to possible detector asymmetries. Typical systematic errors quoted by the LEP experiments were of the order of ∆A F B = 0.0005−0.001 for muons and ∆A F B = 0.001−0.003 for taus, depending on the experiment. For electrons, the theoretical uncertainty introduced in the treatment of the t-channel terms (≈ 0.0014) had to be taken into account increasing the typical error to ∆A F B ≈ 0.002. The uncertainty on the centre-of-mass energies gives a contribution of ∆A 0 F B ( ) = 0.0004, comparable to the experimental systematics. These last two uncertainties were common to the four experiments and had to be treated in a correlated way when averaging the measurements.
The combination of the results of the four LEP experiments gave
The three measurement can be combined assuming lepton universality, giving
The dependence of the asymmetries on the centre-of-mass energy, A F B (s), is consistent with the expected value and sign of the lepton axial couplings and it is shown in Fig. 1. 
Heavy quark asymmetries
Forward-backward asymmetries for b and c quarks were determined at LEP with three different techniques. The first method (lepton tagging) was based on the presence of a lepton in a jet as a tag for Z → bb or Z → cc events. Lepton kinematics was used to discriminate the different lepton sources, on a statistical basis. With this method the charge of the lepton can be used to define the scattered fermion. The second method (lifetime tagging) relied on the selection of Z → bb events using the properties of long-lived B hadrons, followed by the use of a jet-charge measurement. The third method was conceptually similar to the first one, with lepton 
where f High-p ⊥ leptons can be selected in both hemispheres, and the counting of same sign and opposite sign pairs (N o.s. , N s.s. ) gives the possibility to measure from the data the charge correlation in b events
, once the small contribution from charm and light quark events has been subtracted:
The analysis of the dilepton sample to evaluate P b from the data, lowers considerably the dependence of the measurement upon the knowledge of semileptonic b decays (rates and kinematic properties), as well as b meson mixing. It should be also noted that since the measurement makes use of both forward negative leptons and backward positive leptons to tag forward b quarks, the detector acceptance has nearly no effect on the extracted value of the asymmetry: a sizeable effect could arise only in case of inefficiencies that are both forward-backward asymmetric and different for positive and negative leptons, which was very unlikely for LEP detectors. 
Inclusive measurements
Heavy quark tagging methods based on lifetime have high performance, but they do not provide information about the quark charge. Inclusive methods have been developed to estimate the charge of the b quark, to complement lifetime tags for the measurement of forward-backward asymmetries.
The jet charge is usually defined as
where p i is the momentum of a particle parallel to the thrust axis, and the sum runs over all charged particles in a hemisphere. The parameter k can be tuned to obtain high sensitivity to the quark charge, while keeping low correlation between the charge of the two hemispheres (values used at LEP were between 0.3 and 1).
In a pure sample of b events, the forward-backward asymmetry is proportional to the mean charge flow between the two hemispheres
where δ b is a parameter called charge separation. At parton level δ q (the charge separation for a generic quark q) is equal to twice the quark charge, but hadronization and decays lower its value, diluting the measured charge flow. A precise determination of the forward-backward asymmetry requires an evaluation of δ q with the lowest possible uncertainty. The advantage of high-purity single-flavour samples, that in practice can be obtained for b quarks only, lies on the possibility of measuring δ q from the data, lowering considerably the use of theoretical assumptions in the evaluation of this parameter, and therefore lowering its uncertainty. A sketch illustrating the technique used at LEP to measure the charge separation is presented in Fig. 2 .
In an asymmetry analysis, pure b samples cannot be selected and contributions of the other flavours have to be taken into account; for instance, the charge flow can be written as
where the f b , f c , f uds are the fraction of b, c and light quark events in the selected sample, and light quark have been treated as a single class. In the initial LEP measurements, the sample composition as well as the charm and light quark charge separations was estimated with the simulation, δ b was extracted from the data and the b asymmetry derived from the observed charge flow. In the final measurements 19-22 sophisticated methods using double tagging techniques were employed and most parameters were determined in situ from data.
Heavy quark asymmetries: Combined results and QCD corrections
The LEP measurements of b and c forward-backward asymmetries using lepton tagging, lifetime tagging and D mesons tagging [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] were combined to merge the experimental information in an optimal way. 26 As mentioned earlier, the extraction of the effective electroweak mixing angle and of the quark couplings requires the evaluation of the corrected b and c asymmetries A 0 F B (b) and A 0 F B (c), from the measured asymmetries. Heavy quark asymmetries are affected by radiative effects due to strong interactions related to virtual vertex and gluon bremsstrahlung diagrams, which modify the angular distribution of the fermions emitted in the final state. The emission of an hard gluon, for example, may scatter both b andb in the same hemisphere (forward or backward): in such events the original electroweak asymmetry is destroyed. The effect of such radiative effects is to lower the experimentally observed asymmetry by a few percent. Detailed calculation based on perturbative QCD, including second-order corrections for massless quarks and quark mass effects at first-order, were used. 27 In practice experimental cuts reduce considerably the QCD corrections. 28 For instance momentum cuts, which are applied in lepton tagging, select events with reduced gluon radiation. Furthermore in some cases the effect of hard gluon radiation is automatically incorporated by analysis procedure. This is the case for the inclusive measurements based on jet charge techniques, because the b charge separation, measured with data, is an effective parameter that includes the QCD smearing.
The final LEP averages for the b and c forward-backward asymmetries at the Z pole are There is a +15% correlation between the two results. Both results are dominated by the statistical uncertainties. In particular, for the b asymmetry, the systematic uncertainties related to the QCD corrections is a factor three lower than the statistical error.
The dependence of the b and c asymmetries on the centre-of-mass energy, (12)). Their observed energy dependence is shown in Fig. 3 and compared with the ST prediction. The different slope for b and c quarks is due to the absolute value of their electric charge, that is twice larger for up-type quarks. The asymmetry is increasing in both cases because the two quark types have opposite sign (and same absolute value) for the axial couplings. Fig. 3 . Measurement of the b and c forward-backward asymmetries as a function of the centreof-mass energy. 29 The ST expectation for the two quark types is shown. The value of sin 2 θ eff given in Section 6 is used to normalise the vertical scale for the ST prediction. 
Asymmetries with Polarised Beams

Measurement of the left-right asymmetry (A LR )
The measurement of A LR requires the availability of longitudinally polarised beams. At SLC longitudinal polarisation of the electron beam was achieved by a circularly polarised laser source hitting a GaAs photocathode, 30 allowing SLC to be operated with an electron beam polarisation of about 75%. Equation (7), modified to take into account the average beam polarisation (P e ), reads
The main experimental issue, for a precise measurement of A LR , is an accurate determination of the beam polarisation. This need could be overcome if both electron and positron beams were independently polarised, a scheme originally proposed for LEP 31 that never went into operation, because it would have required the installation of spin rotators. The standard SLC operating cycle consisted of two close electron bunches, the first of which was polarised, while the other was used to produce unpolarised positrons. The sign of the electron polarisation was randomly chosen, so that the measurement was not affected by time variations of the apparatus efficiency.
The SLD experiment monitored the longitudinal SLC-beam polarisation with a polarimeter based on Compton scattering of electrons by circularly polarised laser light taking place after the interaction point. The Compton cross sections for spinparallel (j=3/2) and spin anti-parallel (j=1/2) interactions are different, and this difference is a function of the normalized scattered-photon energy fraction (x). The difference can be written, in terms of x, as
where A(x) is the Compton asymmetry function. 32 The laser beam polarisation (P γ , typically 99.8%) was continuously monitored. The statistical accuracy on P e was of ±1% every three minutes. The relative systematic uncertainties 33, 34 in the polarisation measurement are summarized in Table 2 with a small tau contributions (∼ 0.3%). The events produced with left-handed (N L ) and right-handed (N R ) polarisation were counted and their asymmetry
12 was measured. The measured asymmetry is related to A LR by the following expression
where a number of small corrections, listed below, are incorporated. In Eq. Also for the left-right asymmetry there is a dependence on the centre-of-mass energy because of the Z-γ s-channel interference:
A LR (s) = A e + 0.00002∆E(MeV) + 0.00005 (26) where ∆E is the difference between m Z and the actual centre-of-mass energy, while the constant term accounts for the correction due to the imaginary part of ∆α. In order to apply the correction and compute the asymmetry at the Z pole the centre-of-mass energy of the experiment must be precisely known. SLC employed two energy spectrometers (one for the electron and one for the positron beam) calibrated, through an energy scan, to the precise measurement of m Z at LEP. The measured average offset was −46 MeV and the total centre-of-mass energy uncertainty 29 MeV. The measured left-right asymmetry was also corrected for the effect of initial state radiation (the most sizeable QED correction, which lowers the asymmetry as expected from Eq. (26)), for the effect of pure photon exchange (which slightly dilutes the asymmetry) and for other higher order QED/electroweak effects (as the already mentioned imaginary part of ∆α). The total correction (including the centre-of-mass energy offset) was 0.00358 ± 0.00058, the error being essentially due to the uncertainty on the beam energy. When this uncertainty is added in quadrature to the uncertainty on the electron beam polarisation and the uncertainty on the corrections of Eq. (25) 
giving the most precise measurement of the electroweak mixing angle.
Heavy quark asymmetries with polarised beams
The quark asymmetries discussed in Section 3. 
Measurement of the tau Polarisation in Z Decays
As mentioned in Section 2, in e + e − collisions the Z boson acquires a net polarisation equivalent to A e , which can be measured if the polarisation of the outgoing fermions is analysed. Tau 
where σ R is the cross section to produce a right-handed τ − and σ L is the cross section to produce a left-handed τ − . It can be shown that
pol cos θ (1 + cos 2 θ) + is the forward-backward polarisation asymmetry. The total polarisation and the polarisation asymmetry are related to the couplings as
The LEP experiments determined A e and A τ simultaneously by measuring the P τ (cos θ) distribution and fitting it to the functional dependence given by Eq. (30) . This procedure gives better total error than measurements integrated over the hemispheres by giving more weight to cos θ bins with higher sensitivity. The polarisation of the τ is measured exploiting the parity violation of its weak decay, 36 that is mediated by a pure V-A current. Five tau decay channels, amounting to a branching ratio of about 90% have been used (τ → πν, τ → ρν, τ → a 1 ν, τ → eνν, τ → µνν). Tau decays to charged kaons, having relatively low branching ratio, were included in the corresponding pion channels.
The principle of the polarisation analysis is easily understood by taking the simplest channel, τ → πν. The tau decay in this channel, for the two helicity cases, is sketched in Fig. 4 . Because of the left-handedness of the neutrino, in case of decays of right-handed taus, the pion is boosted in the direction of the tau. The opposite is true for decays of left-handed taus. It follows that the energy of the pion discriminates between the two parent-tau helicity states. The tau differential decay width, given in term of the scaled pion energy
as can be shown by boosting into the laboratory frame the rest-frame decay angular distribution of a spin 1/2 particle decaying into two particles of spin 1/2 and spin 0, respectively. The measurement of the polarisation used two sets of reference decay distributions, one for P τ = −1 and one for P τ = 1, obtained applying the τ → πν selection cuts to simulated data. The tau polarisation could be extracted by performing a binned maximum likelihood fit of the measured distributions to the sum of the corresponding simulated distributions normalized by the coefficients
where N is the number of events. Background events, mostly coming from cross-contamination from other τ decays passing the τ → πν selection, were included in the simulated data. Similar procedures were used for the other channels.
The angular dependence of the tau polarisation measured at LEP 37-40 can be seen in Fig. 5 . The LEP combined fit 29 gives
The correlation between A e and A τ is small (+1.2%). To the measurements of A pol and
pol a small correction is applied to take into account the difference between the centre-of-mass energy and the Z pole, the effects of the photon exchange, the Z−γ interference and initial and final state radiation. The correction amounts to ∼ + 0.005 in both cases and its uncertainty (∼0.0002) is small because of the The A e and A τ measurements from the four LEP Collaborations are shown in Fig. 6 and compared to the A e measurement of SLD.
Interpretations
The determinations of sin 2 θ eff
The measurements of the asymmetries presented in the previous Sections can be interpreted as a measurement of sin 2 θ eff . For the leptonic forward-backward asymmetries, for the measurements of A e and A τ from tau polarisation, and for the measurement of A LR the interpretation requires the only assumption of lepton universality. The derivation of sin 2 θ eff from hadronic measurements requires the knowledge of the A q terms that, as already discussed, have only a mild dependence on sin 2 θ eff in the Standard Theory (ST). For this class of measurements the validity of the ST for the A q terms is assumed; this assumption is corroborated by the direct measurements of A b , A c using polarised beams, which agree with the ST. A compilation of the various results is shown in Fig. 7 , where the dependence of sin 2 θ eff on the Higgs boson mass is also indicated. The six results shown in the figure are obtained, respectively, from the lepton forward-backward asymmetry, the tau polarisation, the left-right asymmetry, the b forward-backward asymmetry, the c forward-backward asymmetry and measurements of charge asymmetry using all quark flavours. The average of the six measurements gives:
with a χ 2 of 11.8 for five degrees of freedom corresponding to a confidence level of 3.7%. This confidence level is relatively low, because the most precise determinations, based on A LR and on the b asymmetry are about 3σ apart. From the experimental point of view A LR and the combination of b asymmetry measurements are both dominated by statistical errors, with accurate studies of the much lower systematic uncertainties. In particular the b asymmetry was measured by the four LEP experiments with two very different methods (Section 3.2) yielding largely uncorrelated results; the χ 2 /dof of the eight-measurement combination was 0.55 showing agreement among experiments and methods. On the other hand a Fig. 7 . The determinations of sin 2 θ eff from the measurements described in this chapter and their average. 29 The measurements are, starting from the top, the lepton forward-backward asymmetry, the tau polarisation, the left-right asymmetry, the b forward-backward asymmetry, the c forward-backward asymmetry and the the jet charge asymmetry using all quark flavours at hadron colliders, Tevatron and LHC, based on lepton-pair production in pp/pp collisions (Drell-Yan events). 41 The electroweak mixing angle is determined by the forward-backward asymmetry in the centre-of-mass, approximated by the CollinsSoper frame, 42 of dileptons with invariant mass close to the Z mass. The measurement requires an assumption on the direction of the incoming quark/antiquark, therefore it depends on the knowledge of the parton distribution functions (PDFs). Precisions comparable to the less precise measurements in Fig. 7 have been obtained.
Extraction of neutral current couplings
The couplings of the neutral current to leptons ( = e, µ, τ ) can be determined using three ingredients:
• the Z leptonic partial widths, [11] [12] [13] [14] • the A parameters as determined by the leptonic asymmetries, • the energy dependence of the leptonic forward-backward asymmetries.
The partial width of the decay Z → + − , gives the sum of the squares of the couplings, following the relationship
while the ratio of the vector and axial couplings is given by the leptonic measurements of A (Eq. (4)), i.e. by the measurement of A LR , of the tau polarisation and of the leptonic forward-backward asymmetries. The energy dependence of the asymmetries (Eq. (12)) fixes the value of the axial couplings, up to a common sign. This last ingredient is required, since the widths and asymmetries do not change if g V and g A replace each other, as can be seen from Eqs. (36) and (4). The measured vector and axial couplings to electron, muon and tau are compared in Fig. 8 to test the hypothesis of lepton universality. The measurements are in agreement and lepton universality is tested to less than 0.1% for axial couplings and to a few percent for the smaller vector couplings: 29 It must be stressed, however, that this discrepancy is totally correlated with the one seen in Fig. 7 .
The measurements of the vector and axial couplings for various fermion species are depicted in Fig. 9 . The regions allowed by the experimental measurements at 68% CL are shown. The precision obtained for the lepton measurements is Fig. 9 . The vector and axial couplings of the neutral current to various fermion species. 29 The regions allowed by the experimental measurements (68% CL) are shown. impressive: with the scale used in this figure the three measurements are represented by three superimposed dots. Considerable precision is obtained also for the heavy quark couplings. Constraints are obtained on the couplings of lighter quarks by measurements of forward-backward asymmetries using kaons 45 and high-momentum stable particles. 46 As the large uncertainties of these measurements do not allow the study of the energy dependence, the contours indicating the allowed regions are symmetric with respect to the line g V f = g Af . The constraints on neutrino couplings are computed from the measurement of the Z invisible width, [11] [12] [13] [14] assuming three neutrino families with identical neutral couplings. In this case the experimentally allowed region is represented by a very thin ring.
Summary and Outlook
In the years 1989-1998 the precision on the Weinberg electroweak mixing angle from lepton and quark asymmetries reached an impressive relative uncertainty of 0.07%. Such a precision is not easily attainable at hadron colliders, because it requires an accurate knowledge of the initial state. Eventually it could be reached at LHC depending on the progress in understanding parton distribution functions.
The measurements of lepton neutral couplings reminded in these pages improved by two order of magnitudes the tests of neutral-current lepton-universality available before the start of LEP and SLC, based on νe and νµ scattering. The values of g V and g A compared with ST predictions (Fig. 9) clearly indicated a low mass for the Higgs boson, as confirmed in 2012 by the direct observation at LHC.
47,48
Quark neutral couplings were also measured in the same decade. Heavy quark couplings (c and b) were determined at the level of a few percent, however the ratio of vector to axial b couplings, when extracted by comparing the measurement of the b forward-backward asymmetry to leptonic asymmetries measurements, shows a deviation of about 3σ with respect to the ST expectation. Whether this discrepancy can be ascribed to a statistical fluctuation, or to other effects, will be determined by future experiments.
